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Although models based on the SPH or BPH do not constrain the trajectories of length 115 and otolith radius for individual fish such that these pass through a specific, pre-determined 116 biological intercept, the functions describing the relationships between expected length and 117 otolith radius and covariates can be constrained to pass through such an intercept. a form of the versatile growth curve described by Schnute (1981) .
229
The modified von Bertalanffy equation is:
,
The Schnute (1981) model, which comprises the following four equations, is:
where ܵ ఛ భ and ܵ ఛ మ are the expected sizes at two specified reference ages ߬ ଵ and ߬ ଶ , and ܽ ௌ and
234
ܾ ௌ are parameters that determine the shape of the curve. The minimum and maximum ages at 235 capture of each species were used as the reference ages ߬ ଵ and ߬ ଶ in this study.
236
For each of the analyses undertaken in this study, the data were separated into two 237 subsets, the first of which was used when fitting the bivariate growth or regression models,
238
and the second for which expected lengths of the fish, given their observed values of otolith 239 radii at given ages, were predicted using the fitted models. The bivariate growth model was 240 fitted simultaneously to length and otolith size at capture, using age as an explanatory 241 variable, to obtain estimates of the parameters of the somatic and otolith growth curves 
246
When predicting the expected length of each fish at age using the bivariate growth model,
247
the estimate calculated using the somatic growth curve was adjusted using information from 
254
Likewise, the estimates of expected otolith radii at age were obtained by adjusting the values 255 predicted using the otolith growth curve to the values of the conditional means of the radii at 256 age given the deviations between the observed lengths at age and the expected lengths at age 257 predicted using the somatic growth curve. The resulting estimates of the lengths at age t given 258 the observed otolith radii at those ages, i.e., ‫ܮ‬ ௧|ோ ୀோ * , and otolith radii at age given the 259 observed fish lengths at those ages, i.e., ܴ ௧| ୀ * , were then used in the subsequent cross- given the observed otolith radius at that age remained constant throughout life. Accordingly,
272
an estimate of the length of fish j with age at zone ‫ݐ‬ , i.e., ‫ܮ‬ ,௧ ೖ , was calculated as
where ‫ܮ‬ ,௧ and ܴ ,௧ are the length and otolith radius at age ‫ݐ‬ when the fish was caught, and 274 ܴ ,௧ ೖ is the otolith radius at the edge of opaque zone k.
275

Proportionality-based and constraint-based back-calculation approaches
276
The accuracy and precision of lengths and otolith radii predicted using the above 277 bivariate growth model were compared with those predicted using the regression models (or Finstad (2003), and those derived from or based on those regression equations, were also re-292 written as equations constrained to pass through the biological intercept (Tables 1 and 2) .
293
A further analysis compared back-calculated estimates of lengths produced for
294
A. butcheri using the proportionality-based back-calculation approach developed using the 
300
The back-calculation formula (with modified notation) of the 'age effect' model of
301
Morita and Matsuishi (2001), which employs the parameters (i.e., ߙ, ߚ and ߛ) estimated 302 using the regression equation Eq. 1 (Table 1) , is
while that of Finstad (2003), i.e., the 'interaction term' model, which uses the parameters 304 (i.e., ߙ, ߚ, ߛ, and ߜ) as estimated by fitting Eq. 2 (Table 1) , is
‫ܮ‬ , * is the back-calculated length of fish k with age at zone ‫ݐ‬ , ‫ܮ‬ , is the observed length of 306 fish k at capture, i.e., at age ‫ݐ‬ , , ܴ , is the observed radius of the otolith of fish k at age ‫ݐ‬ ,
307
and ܴ , is the observed radius of the otolith of fish k at capture.
308
The regression models employed by Morita and Matsuishi (2001) and Finstad (2003) 309 were constrained to pass through the biological intercept by rewriting ߙ as a function of the 310 length, radius and age at that intercept using equations 1 and 2 ( (Table 2) , and those in Eq. 14 by fitting the regression model of Eq. 7 (Table 2) .
317
The back-calculation formula, i.e., modified Fry model, of Vigliola et al. (2000) is
where ϕ is the fish body length at otolith formation, with ϕ = otolith radii at capture.
322
(16)
Analyses
323
All analyses were undertaken using R (R Development Core Team 2011 Estimates of lengths at ages at zones were calculated for A. butcheri using the various the ages at zones bounding the otolith radii for those age classes.
394
Results
395
Accuracy and precision of length and otolith radius estimates for six species
396
Based on the results of the ten-fold cross-validation for 50 fish of each of the six 397 species, the bivariate growth model produced lower estimates of RMSE for fish length than were obtained using the other models and thus improved prediction performance for all six 399 species (Table 3a) . and for the ten-fold cross-validation using 128 and 120 fish, respectively (Table 4b) . (Table 5) .
474
The consistency of estimates of back-calculated lengths at the ages at each of the 475 zones with means of observed lengths for fish with ages lying between the ages at those 476 zones was improved by imposing the biological intercept as a constraint (Table 5 ; Fig. 1) . In only for fish with ages up to 7 years, but, for older fish, lengths were underestimated.
483
The age effect model produced estimates of lengths which were generally more 484 similar to those calculated using the bivariate growth model than those obtained using the 485 interaction term and modified Fry models, particularly at older ages ( Fig. 1a and b and without the biological intercept.
528
It was concluded above that, when constrained to pass through the biological intercept, alternative model forms is undertaken using a systematic, well-defined procedure with 555 explicit criteria for model selection.
556
The current study is apparently the first to employ cross-validation to explore the rely.
572
Comparison of length predictions between back-calculation approaches 573 Back-calculated lengths at ages estimated for individuals of A. butcheri using the 574 proportionality-based approach developed for the bivariate growth model were found to be 575 very similar to those calculated using the three alternative traditional back-calculation 576 formulae, i.e., the age effect, interaction term and modified Fry models. Overall, however,
577
and particularly when using a biological intercept, length estimates produced using the 578 bivariate growth model were more consistent with the observed mean lengths at age at 579 capture than those based on the other approaches. These results suggest that, for some species 580 other than A. butcheri, the proportionality-based bivariate growth approach developed in the 581 current study will produce estimates of length at age that are more accurate than those 582 produced by back-calculated traditional approaches.
583
To address potential bias resulting from continued increase in otolith size despite the 584 reducing rate of somatic growth as fish age, the back-calculation approach developed by 
615
The allometric relationship between fish length and otolith radius is formed by the 616 changes in the sizes of these variables with age, throughout the life of the fish (Xiao 1996) . 
634
To summarise and based on cross-validation results across a range of fish species, the 
Eq. Regression equation Source
(1) ܴ = α + β‫ܮ‬ + γ‫ݐ‬
Morita and Matsuishi (2001) (2) ܴ = α + β‫ܮ‬ + γ‫ݐ‬ + ‫ݐܮߜ‬ were employed when calculating the parameters of the models and 78 of which were held 788 outside the fitting process for use in testing the accuracy and precision of model predictions.
789
The ten-fold cross-validation involved the use of 120 fish, with each prediction based on a 
